A series of aluminum methyl and chloride complexes bearing 2(N-piperazinyl-N′-methyl)-2-methylene-4-R′-6-R-phenolate or 2(N-morpholinyl)-2-methylene-4-R′-6-R-phenolate ] 2 AlCl} (4 and 5) as monometallic complexes.
Abstract:
A series of aluminum methyl and chloride complexes bearing 2(N-piperazinyl-N′-methyl)-2-methylene-4-R′-6-R-phenolate or 2(N-morpholinyl)-2-methylene-4-R′-6-R-phenolate ([ONE R1 ,R2 ]-) {[ R 1 = t Bu, R 2 = Me, E = NMe (L1); R 1 = R 2 = t Bu, E = NMe (L2); R 1 = R 2 = t Bu,
Introduction
Biodegradable and biocompatible polyesters, such as poly(ε-caprolactone) (PCL), have attracted much attention due to their wide range of applications including environmentally friendly bulk packaging materials, implantable materials, sutures and as delivery media for controlled release of drugs. [1] [2] [3] [4] Ring-opening polymerization (ROP) of cyclic esters is mainly mediated by metal complexes which afford faster polymerization rates and greater control over molecular weight of the resulting polymers. [5] [6] [7] [8] Biocompatible metal complexes are important in the production of these polymers, where small amounts of catalyst may inevitably be incorporated.
Efforts by many research groups have focused on the development of biocompatible single-site metal initiators for ROP of ε-caprolactone and lactide with ligand design playing a profound role in this area. Well-designed ligands provide the ability to tune electronic and steric properties of the metal centers, which changes their reactivity. Thus, amine-phenolate and related ligands possessing a mixed set of N-and O-donor atoms have emerged as attractive candidates due to their ability to stabilize a wide range of metal centers and the ease of systematic steric manipulation by variation of the backbone and phenol substituents. 9 A number of main-group and transition metal complexes including lithium, [10] [11] [12] [13] [14] [15] [16] magnesium, [17] [18] [19] [20] [21] [22] [23] larger alkaline earths, 24 rare-earths, 25, 26 zinc, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] aluminum, [37] [38] [39] [40] [41] [42] [43] [44] , tin, 45 zirconium 46, 47 and titanium 48 complexes stabilized by these and related ligands have been prepared and some are effective initiators for ROP of cyclic esters such as lactide and ε-caprolactone (e.g., I-IV, Figure 1 ). Among the catalysts/initiators studied, aluminum complexes with N,O-chelate and related ligands have attracted much attention due to their high activity and good polymer molecular weight control. 4, 49 For example, Dagorne and co-workers reported four-coordinate aluminum alkyl cationic complexes stabilized by a piperazinyl aminephenolate ligand (e.g. Figure 1 V) which was employed in a preliminary study of propylene oxide ROP. 39 Five-coordinate aluminum complexes supported by mono anionic bidentate ketiminate ligands have been investigated as catalysts for ROP of ε-caprolactone. 50 However, neutral five-coordinate piperazinyl aminephenolate aluminum species have not been reported in the literature for the polymerization of cyclic esters.
Figure 1.
Some examples of previously reported piperazinyl and morpholinyl aminephenolate based complexes (R = alkyl or aryl). 10, 27, 28, 39, 40 Recently, we reported the synthesis of piperazinyl-aminephenolate zinc complexes (II), which showed good activity in ROP of rac-lactide and ε-caprolactone. 27 These zinc complexes, however, showed poor activity in the cycloaddition of carbon dioxide and epoxides. Lithium complexes (I) of the same ligand showed good activity in catalytic ROP of ε-caprolactone. 10 Similarly, Carpentier, Sarazin and co-workers employed zinc complexes of a morpholinyl derived ligand (III) to achieve immortal ROP of cyclic esters. 28 The same group has investigated the reactivity of tin complexes of these ligands in immortal ROP of lactide and trimethylene carbonate. 45 In a recent study by Ma and Wang, aluminum complexes of quinoline-based ligands showed greater catalytic activity than corresponding Zn complexes in ROP of lactones, 51 and therefore we wanted to determine whether this was a general trend for bidentate ligand complexes of Al and Zn in ROP reactions. This contrasts with research using other ligands combined with Al and Zn where the Zn complexes usually show greater reactivity towards ROP of lactones. 4 Using the activity scale developed by Redshaw and Arbaoui, which ranks metal complexes in these reactions from low to exceptional activities, most Al and Zn complexes exhibit low to good activity in ROP reactions. 4 As Al and Zn systems are important due to their low toxicity, it is vital to gain further insights into their relative reactivity in order to design improved catalyst systems.
We are also interested in studying the effect of outersphere ligand substituents on polymerization reactions. Herein, we report the synthesis and characterization of five-coordinate aluminum alkyl/halide complexes bearing piperazinyl-aminephenolate ligands and their catalysis in the ROP of ε-caprolactone and preliminary results in carbon dioxide-cyclohexene oxide copolymerizations.
Results and Discussion

Synthesis and solid-state structures
The protio ligands were synthesized from the appropriate phenol, formaldehyde and 1-methylpiperazine or morpholine via a modified Mannich condensation reaction in water as described previously. 27, 52, 53 The piperazinyl and morpholinyl aminephenol ligands differ in the nature of the E substituent, which is a methylamine (NMe) or ether (O) group respectively.
Some complexes of these ligands (L1-L3) have been reported by our group and others, and will allow us to compare reactivity where data are available from these prior studies. 10, 27, 28, 31, 32, 39 Compounds 1-5 were synthesized through alkane elimination reactions using two equivalents of Compounds 1-4 were characterized by single-crystal X-ray diffraction analysis and the crystallographic data are summarized in Table S8 . 55 The τ (tau) value is a method of establishing the degree to which observed geometries for five coordinate compounds approaches either trigonal bipyramidal or square pyramidal geometry. 56 A value of zero describes a compound with perfectly square pyramidal parameters and a value of one is perfectly trigonal bipyramidal, while a value of 0.5 is intermediate between the two geometries. The τ values calculated for 1-4 are listed in Table 1 . Compounds 1-3 are slightly distorted from trigonal bipyramidal, while compound 4 containing a chloride group possesses a near to perfect trigonal bipyramidal geometry. This slight difference between the methyl complexes (1-3) and chloro complex (4) might be attributed to steric differences between the alkyl and less bulky chloride groups within the Al coordination sphere. The ORTEP plots of 1 and 2 are shown in Figure 2 and Figure S1 respectively and along with selected bond lengths and angles. Ligands are bound to the central metal in a bidentate manner with each of the methylamine groups orientated away from the Al center. This phenomenon was also observed in related zinc 27 and aluminum complexes. 39 The . 39 The single crystal X-ray data for complex 5 were poor and could not be fully refined as a result of merohedral twinning. However, these data were sufficient to confirm gross connectivity and structural analogy to 4. 
Ring-opening polymerization of ε-caprolactone
Ring-opening polymerization (ROP) catalysis of ε-CL was carried out using 1-3 in the presence and absence of BnOH (results are summarized in Table 2 ). Complexes 1-3 showed low catalytic activity in the absence of BnOH with conversions of 16, 27 and 22% respectively at 80
°C within 30 minutes (Table 2 ; entries 1, 9 and 21) and so no further studies were conducted in this fashion. This contrasts with the good activity observed for related piperazinyl aminephenolate lithium complexes in the absence of alcohols, which yielded cyclic polymers in the ROP of ε-CL. 61 and other authors for various metal complexes. [62] [63] [64] The formation of an alkoxide species suggests that the mechanism of polymerization is via coordination-insertion and that an activated-monomer mechanism is less plausible. 65 However, in order to fully rule out the latter mechanism, further studies involving installation of less potent nucleophiles on the Al center would be required. 45 Polymerizations were relatively slow at room temperature 88, 96 and 78% monomer conversion were achieved in 150 minutes using 1/BnOH, 2/BnOH and 3/BnOH respectively ( Table 2 , entries 3, 10 and 17), whereas similar conversions were obtained within 10 minutes at 80 °C. It should be noted that under identical conditions, 2/BnOH did not facilitate ROP of rac-lactide (0% conv., 80 °C, 10 min). This is in stark contrast to the analgous Zn complex, EtZnL2, which in the presence of BnOH achieved quantitative conversion of raclactide at 70 °C after 90 min and measurable conversions after 10 minutes. 27 For ROP of of ε-CL, it can be noticed that 2/BnOH exhibits higher catalytic activity than 1/BnOH and 3/BnOH as it achieves higher conversions in a shorter time (Table 2 , entries 7, 12, 19). However, 2/BnOH produced polymers with lower molecular weights than those of 1/BnOH, and the molecular weight distributions (M w /M n ) of the polymers obtained using 1/BnOH are narrower than those obtained using 2/BnOH ( Table 2 , entries 2-8 and 10-16). This probably indicates that polymerization using 1/BnOH is more controlled than that using 2/BnOH. This is somewhat surprising given previous ROP reactions studied using Li and Zn complexes of these ligands, 10, 27 where narrower M w /M n polymers were obtained from complexes bearing more sterically demanding ligands. 5 OH} and suggested that the alcohol reversibly coordinated to the active species leading to catalytic inhibition. 66, 67 In the polymerization reactions initiated by 4 and 5 in the absence of BnOH, gelation was observed for all reactions and conversion of ε-CL did not reach completion in 5.00 mL of toluene, the volume used in ROP using 1-3/BnOH above, due to increased viscosity resulting from a rapid increase in molecular weight. However, in 10.00 mL of toluene the polymerization could proceed, albeit not to completion (Table 2 ; entries 26-29). For these reactions, the molecular weight data obtained by GPC for each of the polymerization runs were much higher than calculated theoretical values, while the molecular weight distributions (M w /M n ) were rather broad. Zhang et al. 68, 69 reported similar observations with aluminum complexes of functionalized phenolate ligands, which he interpreted to arise from higher reaction temperatures resulting in transesterification. [70] [71] [72] However, it could also be that when 4 and 5 are used, initiation proceeds via acid-initiation (HCl generated in situ from adventitious water) and this reaction is more uncontrolled than in reactions catalyzed by an Al-alkyl/alcohol system. Another possibility is that the reaction may be proceeding via a reaction pathway involving insertion of the monomer into the Al-Cl bond. This has previously been suggested as a plausible mechanism for ROP of trimethylene carbonate using a chloro-aluminum salen complex. 73 Due to the broad polydispersity of the polymer produced using 4 and 5 without BnOH, the polymerization mechanism for these systems was not studied in detail. The resulting polymers were characterized using 1 H NMR spectroscopy and MALDI-TOF MS, as discussed below. No alkoxide end groups are seen in polymers that were isolated from reactions using 4 or 5 when no
BnOH was used as co-initiator. It should be noted that 1.0 M anhydrous HCl in ether has previously been reported to facilitate ROP of ε-CL to yield high molecular weight, polydisperse polymer, 74 and that under reaction conditions similar to those reported in this study using Al complexes, 16.7 mM HCl in toluene afforded 43% conversion of ε-CL at 80 ºC in 15 min.
Therefore, at this stage, both an acid catalyzed reaction and insertion of the monomer into the AlCl bond remain plausible mechanisms.
Polymers obtained using complexes 1-5 in the presence or absence of BnOH were characterized using GPC, MALDI-TOF MS, 1 H NMR spectroscopy, TGA and DSC. Discussion of the TGA and DSC data can be found in supporting information.
End group analysis by 1 H NMR spectroscopy and MALDI-TOF mass spectrometry
A 1 H NMR spectrum of a typical polymer sample obtained using 1-3 is shown in Figure   5 . Methylene proton signals were assigned at 1. Figure S4 ). These signal assignments are in good agreement with results reported previously. 75 This observation is consistent with acyl-oxygen bond cleavage of ε-CL, which would occur in ROP reactions occurring via either a coordination-insertion or activated monomer mechanism. indicates that the polymer is a linear chain, evidenced by the resonance at 3.67 ppm, which corresponds to the terminal methylene proton (CH 2 OH). However, no other assignable end-group resonances were located and as a result, information about the initiating group and the mechanism could not be obtained from 1 H NMR spectroscopy. However, it is clear that insertion in the Al-phenolate bond is not occurring.
Further end-group analyses were conducted through MALDI-TOF mass spectrometry.
The mass spectrum of the polymer prepared with 2/BnOH is depicted in Figure 7 ( were not observed in the 1 H NMR spectra of the polymer. It should be noted that MALDI-TOF MS is a more sensitive technique for detecting impurities and differences in end groups for polyesters than 1 H NMR and that reactions can also occur in the spectrometer leading to polymer modification. 76 The identification of PCL capped with benzyoxy and hydroxy end-groups as the main signals in the MALDI-TOF mass spectrum is in agreement with 1 H NMR analysis. There is little evidence for transesterification side reactions (either intra-or intermolecular) occurring from the mass spectra of this polymer, despite the lower than expected molecular weights indicated by GPC data. By conducting the reactions over a range of temperatures, it was observed that the overall polymerization rate (k obs ) increases with an increase in temperature as shown in Figure 10 (and supporting information Figures S15 and S16) . The semilogarithmic plots shown herein are linear, indicating a first-order dependence of reaction rate with respect to monomer concentration and pass through the origin indicating the absence of an induction period, 81, 82 which is in contrast to some previous polymerization reactions using aluminum alkoxides where induction periods were observed. 75, 83 This might also imply that the reaction is proceeding via an activated monomer mechanism but it might also be an artifact of the temperatures at which reactions were studied. Greater linearity can be seen in the plots for reactions conducted at higher temperatures, where a shorter induction period would also be expected. It should be noted that the aluminum complex and BnOH were mixed and heated alone to the reaction temperature (to allow the active alkoxide species to form) before mixing with the preheated monomer solution. Figure S17 ). We therefore hypothesize that the more bulky tert-butyl substituent in the para position of the ligand has some influence on the catalytic behavior of the complexes despite being somewhat remote from the center of reactivity. This observation is similar to that reported by Chmura et al. 84 for Ti(IV) complexes of bis(phenolate)s, but in contrast to the aluminum systems reported by other authors where less sterically demanding ligands afforded more effective initiators. 85, 86 However, by comparing the activity of the methyl complexes with the chloride complexes, the latter showed lower activity and produced polymers with different properties. This trend has also been observed by others. 50 To draw comparisons to previously reported kinetic data for other initiators, some rate constant values are collected in Table 3 . The values determined for 1 and 2 in the presence of BnOH are similar to the values observed by us for the piperazinyl aminephenolate lithium complexes with the same supporting ligand under similar reaction conditions but lower temperature. 10 The k obs values for 1-3/BnOH are significantly lower than that of diethylaluminum ethoxide 87 but higher than those for some other aluminum alkoxides albeit at lower temperatures. 88, 89 Reaction rates obtained using analogous Zn complexes containing L1 and L3 are significantly lower than those obtained using the corresponding Al compounds. 27 This contrasts with the increased reactivity observed using the Zn complexes of the same ligands compared with Al derivatives in ROP of rac-LA. This implies that the choice of monomer has a significant influence on the relative reactivity of catalysts and this should be taken into account when designing new systems for ROP of cyclic esters. The Al complexes contain two ligands per metal center and this leads to a more sterically congested reaction site compared with the Zn compounds that contain only one amine-phenolate ligand per Zn. In ROP, rac-LA can be considered a more sterically demanding monomer than ε-CL. The methyl groups within the monomer and growing polymer chain would interact unfavorably with ligands that potentially block the binding site for incoming monomer. In contrast, ε-CL polymerization is perhaps affected more strongly by the Lewis acidity of the metal center (electronics rather than sterics) and therefore, the Al complexes are more reactive than their Zn analogs.
The relationship between lnk obs and the reciprocal of polymerization temperature (1/T) is shown in Figure 11 ( Figure S18 and S19). According to the Arrhenius equation, the activation energies calculated for 1/BnOH, 2/BnOH and 3/BnOH are shown in Table 4 . while the value for 3/BnOH is similar to those given for Et 2 AlO(CH 2 ) 3 NEt 2 . 88 It is worth noting that this last literature example also contains an amine group within the coordination sphere of the metal and although opposite to the trend we observe, this further indicates that outersphere heteroatoms can influence activation energies in ROP reactions. For the piperazinyl aminephenolate lithium complex/BnOH with the same supporting ligand as 1/BnOH, 10 a higher activation energy was measured compared with the aluminum system. This possibly indicates that the monomer is more activated in the current system compared with the analogous lithium one. Furthermore, more controlled ROP was demonstrated by the piperazinyl aminephenolate aluminum complexes and this might be due to less opportunity for competing side reactions in the aluminum-catalyzed process due to the presence of two ligands per metal center rather than one. In reactions using the lithium complexes, ROP could be initiated by the phenolate nucleophile in addition to the alkoxide, 10 whereas no evidence for this has been seen with the aluminum species discussed herein. The kinetic data were also subjected to Eyring analyses (Table 5 , Figures S20-S22 ). This shows that in terms of both enthalpy and entropy there are significant differences between 1/BnOH and 2/BnOH compared with 3/BnOH. However, the free energies of activation at 80 ºC are all very similar (~ 90 kJmol -1 ) and comparable with a value recently reported for an Al half-salen complex for ROP of ε-CL (95 kJmol -1 , 90 ºC). 90 Computational studies are needed in order to determine the reasons behind the significant differences in the entropic and enthalpic components for the systems reported in the current study. [a] T = 80 ºC
Copolymerization of carbon dioxide and epoxides using 4 and 5
Compound 5 with PPNCl (bis(triphenylphosphoranylidene)ammonium chloride) as co-catalyst was preliminarily screened for the reaction of styrene oxide (SO) and CO 2 . The results are summarized in Table 6 , in which very low conversion to styrene carbonate (SC) was obtained with the combination of 5 and PPNCl for 3 h (Table 6 , entry 1). However, when the time was increased to 24 h, the conversion improved about three fold (Table 6 , entry 2). A control reaction using the co-catalyst alone was conducted and the activity was slightly less than that in the presence of 5 under similar reaction conditions (Table 6 , entry 3). The observed decrease in activity confirms that 5 is a catalyst for the coupling reaction, albeit with low activity. show good activity in ROP of epoxides. 39, 91 Compound 1 with tetrabutylammonium fluoride (Bu 4 NF) was found to couple cyclohexene oxide (CHO) and CO 2 in neat CHO at 80 °C (Table 7 , entry 1). Cyclohexene carbonate (CHC) at 38 % conversion levels was detected with 97% cis stereoselectivity. Reactions of CHO and CO 2 using compound 4 showed that it was inactive towards both copolymerization and cycloaddition reactions even in combination with PPNCl as a co-catalyst (Table 7 , entries 2 and 3). Compound 5 was found to be active without a co-catalyst producing a copolymer (Table 7 , entry 4). The resulting polymer was a polyethercarbonate, which consists of polyether (m) and polycarbonate (n) with 54% carbonate linkages. Both the polyether and polycarbonate portions were identified and quantified through 1 H NMR spectroscopy using the signal of methine hydrogen atoms as shown in the supporting information ( Figure S23 ). Efforts to enhance the activity of 5 were attempted by adding PPNCl as a cocatalyst. However, this led to inactivity of 5, possibly by the co-catalyst blocking the active site hindering monomer access to the metal center. These preliminary results also demonstrate significant differences between 4 and 5, which are probably due to the nature of the outer-sphere heteroatom. We propose that 5 is better able than 4 to support the formation of an ionic complex, where the chloride is not closely associated with the aluminum center, Figure 13 . The nucleophilic chloride ion would then be able to ring-open the epoxide, which could be bound to the aluminum center. We suggest that chloride ion dissociates more readily from the aluminum center in 5 because the metal can more readily coordinate the formally outer-sphere ethereal 
Conclusions
In summary, aluminum alkyl and halide complexes supported by monoanionic piperazinyl-and morpholinyl-aminephenolate ligands were synthesized and fully characterized.
Aluminum alkyl complexes 1-3 are efficient catalysts for the ROP of ε-CL in the presence of BnOH, and possess good activity (TOF ~ 1000 h -1 , 80 °C) for this reaction based on the reactivity scale developed by Redshaw and Arbaoui. 4 In comparison with previously reported Zn analogs, 27 the Al complexes exhibit higher reactivity in ROP of ε-CL but lower (zero) reactivity in ROP of rac-LA. This study sheds some light on ways to develop active catalysts for ROP of lactones and demonstrates that significant differences in reactivity trends occur when studying different monomers. Based on the experimental data, the reactivity of the complexes has the order 2/BnOH ≥ 3/BnOH > 1/BnOH. Polymerization kinetic studies revealed a first order dependence on monomer concentration. Comparison of the activation energies of polymerization for piperazinyl-aminephenolate and morpholinyl-aminephenolate complexes revealed that the activation energy is lower for the piperazinyl-containing complexes than for the morpholinylcontaining complex, highlighting the effects of the outersphere (E) substituent groups on the resulting activity of complexes in ROP reactions. Differences were noted between the activation entropies and enthalpies for the reactions using these complexes. However, the free energies of activation for all three complexes were similar. catalyst. This shows that the E substituent once again impacted the activity of these complexes within a reaction. We propose that this is due to facile coordination of the ethereal morpholinyl oxygen atom to the metal center, which displaces the chloride ion which can then ring-open the epoxide. Further studies are required to understand the subtle differences in reactivity observed and build on these discoveries particularly with regards to carbon dioxide copolymerization.
Experimental Section
All experiments involving metal complexes were performed under a nitrogen atmosphere using standard Schlenk and glove-box techniques. Toluene, hexane and pentane were purified using an MBraun Solvent Purification System. Deuterated solvents (C 6 D 6 , CDCl 3 , C 5 D 5 N, C 7 D 8 )
were purchased from Cambridge Isotope Laboratories, Inc., purified and dried before use. All solvents were degassed using freeze-pump-thaw cycles prior to use. 2,4-di(tert-butyl)phenol, 2-tert-butyl-4-methylphenol, 1-methyl piperazine, morpholine, trimethylaluminum (25% w/w in hexane), diethylaluminum chloride (25% w/w in heptane), and ε-caprolactone were purchased from Sigma-Aldrich or Alfa Aesar. ε-Caprolactone was dried and degassed prior to use. and were referenced internally using residual proton and 13 C resonances of the solvent. 27 Al NMR spectra were recorded on a Bruker 300 MHz spectrometer and referenced externally to 
Single Crystal X-ray Diffraction Studies
Crystals of 1-4, and 5 ( Figure S1 ) were mounted on low temperature diffraction loops and measured on a Rigaku Saturn CCD area detector with graphite monochromated Mo-Kα radiation. Structures were solved by direct methods 94, 95 and expanded using Fourier techniques. 96 Neutral atom scattering factors were taken from Cromer and Waber. 97 Anomalous dispersion effects were included in Fcalc 98 ; the values for ∆f' and ∆f" were those of Creagh and
The values for the mass attenuation coefficients are those of Creagh and Hubbell. 100 All calculations were performed using CrystalStructure 101,102 except for refinement, which was performed using SHELXL-9. 94 All non-hydrogen atoms were refined anisotropically, while hydrogen atoms were introduced in calculated positions and refined on a riding model.
For 2, one t-butyl group was disordered with two orientations (0.6 : 0.4-occupancy), and was modeled with angle restraints. Crystals of 3 were irregular and diffracted poorly leading to a high internal consistency of the reflection data. For 4, one toluene molecule, disordered around a two-fold rotation axis, was present in the asymmetric unit. Protons could not be suitably afixed, and so they were omitted from the model, but included in the formula for the calculation of intensive properties.
For 5, two full data collections were performed on different crystals, however, in both cases problems due to large structure size, weak diffraction (therefore, few high angle reflection/observations for refinement) and possible twinning were encountered. Due to poor internal consistency of data for the full collection, each of four scans was examined separately and only a single scan was used for solution and refinement. A second twin component, related to the first by a rotation of 2.88° around the normal to (-2.61,-3.89, 1.00) was identified, however, it was not found to be significant (BASF refined to 0.0003), and was therefore not included in this model. SHELXL SIMU restraints were applied to all bonds that did not involved Al, in order to increase the observation-to-parameters ratio. . 27 Al NMR (C 5 D 5 N, 300 MHz, 298 K) δ 73, ω 1/2 = 3710 Hz.
Typical ring-opening polymerization procedure
All manipulations were performed under an inert atmosphere. The reaction mixtures were prepared in a glove box and subsequent operations were performed using standard Schlenk techniques. A sealable Schlenk flask equipped with a stir bar was charged with a solution of complex 1 (20.0 mg, 33.7 µmol) in toluene (2.0 mL) with the prescribed amount of BnOH.
Another Schlenk flask was charged with a toluene (4.0 mL) solution of ε-caprolactone (0.390 g, 3.37 mmol, 100 equiv). The two flasks were then attached to a Schlenk line and temperature equilibration was ensured in both Schlenk flasks by stirring the solutions for 10 minutes in a temperature controlled oil bath. The complex solution was transferred to the monomer solution, which was stirring rapidly, and polymerization times were measured from that point. At appropriate time intervals, aliquots of the reaction mixture were removed using a pipette for determining monomer conversion by 1 H NMR spectroscopy. The reaction was quenched with methanol once near-quantitative conversion had been obtained. The polymer was precipitated with an excess of cold methanol, isolated by filtration and dried under reduced pressure.
Representative copolymerization procedure
An autoclave (Parr) was heated to 80 °C under vacuum for 4 h, then cooled and moved to a glovebox. 5 (72.0 mg, 0.107 mmol) and cyclohexene oxide (5.26 g, 53.6 mmol) were placed into the autoclave, which was then sealed and removed from the glovebox. The autoclave was pressurized to 40 bar of CO 2 and was heated to the reaction temperature. After the stipulated reaction time, the reactor was cooled, vented and a small sample of the polymerization mixture was taken for 1 H NMR analysis. The remaining mixture was dissolved in dichloromethane (10 mL), quenched with methanol and then precipitated from cold methanol. 
